The adsorption of CO2 and CO on BaZrO3 (0 0 1) was investigated by first-principles calculations with focus on the BaO-termination. CO2 was found to strongly chemisorb on the surface by formation of carbonate species with an adsorption enthalpy of up to -2.25 eV at low coverage and -1.05 eV for a full monolayer. An adsorption entropy of -8.8×10
Introduction
Perovskite oxides are utilized as functional materials in the presence of carbon containing atmospheres for several applications such as solid oxide fuel cells with internal reforming of hydrocarbons, membrane reactors, thermochemical reduction of CO2 to liquid fuels, catalytic oxidation of CO, and gas sensing. [1] [2] [3] [4] [5] [6] The surface chemistry and potential reactivity of CO2 and CO with oxide surfaces is therefore of interest in order to understand how the equilibrium surface is affected in terms of, for instance, ionic conductivity, oxygen exchange or catalytic activity. Proton conducting oxides, such as acceptor doped BaZrO3, tend to contain basic cations since the basicity of the oxide correlates with an increased exothermicity of proton incorporation according to the hydration reaction. 7, 8 These oxides are therefore prone towards reaction with CO2 leading to carbonate formation. Reaction with CO2 is favored at lower temperatures due to the negative entropy change for the reaction of gaseous CO2 to solid carbonate. Reactivity towards CO2 therefore becomes increasingly important in the search for lowering the operating temperature of proton ceramic fuel cells (PCFC) towards intermediate temperatures of less than 500 °C. 9 Furthermore, Malerød-Fjeld et al. recently demonstrated an electrochemical membrane reactor for production of hydrogen from steam methane reforming, exposing the BaZrO3-based electrolyte and electrodes to CO2-rich atmospheres at 800 °C and 10 bar. 10 The chemical stability of bulk BaZrO3 in CO2-containing atmospheres with respect to BaCO3 has been demonstrated experimentally as expected based on thermodynamic evaluation. 11, 12 However, recent studies have shown that the surface exhibits some reactivity and BaCO3 formation -not by decomposition of the perovskite -but by accommodating barium deficiency in the surface and subsurface of the material. 13 Carbonates are commonly observed on the surface of similar oxides exposed to ambient atmosphere which contains about 4×10 -4 bar CO2 (400 ppm).
Carbon dioxide can adsorb as a linear physisorbed molecule or by chemisorption of bent CO2 molecules or carbonate species, CO3 2-. Mei et al. investigated the adsorption of CO2 on the BaO (0 0 1) surface, which is structurally equivalent to the BaO-terminated BaZrO3 (0 0 1) surface.
14 CO2 was found to adsorb most favorably as monodentate carbonate species,
i.e., bound to one surface oxide ion, with adsorption energies of up to -2.0 eV at low coverage. For MgO and CaO (0 0 1) surfaces, Jensen et al. obtained monodentate CO2 adsorption energies of -1.6 and -1.0 eV and up to -2.3 eV on step sites. 15 In comparison, adsorption enthalpies of -1.8 eV and -1.3 eV have been obtained by microcalorimetry for polycrystalline MgO 16 and monocrystalline CaO (0 0 1), respectively. 17 Similar monodentate CO2 adsorption geometries have been reported for both A-and B-site terminated (0 0 1) perovskite surfaces with somewhat lower adsorption energies in the range of -1.0 to -1.6 eV for SrTiO3, 18 LaMnO3 19 and K1-yNayTa1-xNbxO3. 20 The measured adsorption enthalpy for SrTiO3 (0 0 1) was -1.1 eV in good agreement with theoretical value for the pristine surface, -1.0 eV. 21 For the computational studies on LaMnO3 and SrTiO3, the strongest CO2 adsorption energies were obtained at neutral F-centers at the surface, i.e., V " × in Kröger-Vink notation, 22 where the adsorbate appeared as a CO & ' or CO & &' species with carbon residing close to the vacant oxide ion position. 19, 23 While the adsorption energies were about -2 eV, this adsorption mechanism necessitates the presence of V " × and can therefore be considered most relevant in selected heavily reduced systems. The adsorption and activation of CO2 has been studied for several surface terminations of pristine and reduced ceria. In all cases, the most stable adsorbates were carbonate species in monodentate or tridentate configurations with adsorption energies ranging from -0.31 to -1.93 eV. [24] [25] [26] Adsorption of carbon monoxide on oxide surfaces has received comparatively less attention. CO adsorption typically involves rather weak physisorption with carbon directed towards the surface cation, 27 while bidentate carbonate adsorbates can form on surfaces where C can bridge two surface oxide ions.
4
The present work deals with adsorption of CO2 and CO on the (0 0 1) surface of BaZrO3 with focus on the BaO-termination which is the most stable termination. 28, 29 The ZrO2 termination was also considered which could be relevant for Ba-deficient material, and for comparison with other oxides. Density functional theory (DFT) calculations were utilized to assess the adsorption energetics and the vibrational properties and electronic structure of the adsorbates. Furthermore, surface coverages of the adsorbates were evaluated as a function of environmental variables. Considering the favorable adsorption energetics and geometry of surface carbonate species, BaCO3 formation was evaluated. The prospect of interstitial carbon in the bulk BaZrO3 structure was also investigated based on the thermodynamics of defect formation.
Computational Details
DFT calculations were performed using the projector-augmented wave method as implemented in VASP with the PBE generalized gradient approximation functional. [30] [31] [32] The plane-wave cut-off was 500 eV and the k-point sampling was equivalent to 8 × 8 × 8 for the cubic BaZrO3 unit cell. The atomic positions and cell parameters were converged to less than 0.02 eV Å -1 (0.02-0.04 eV Å -1 including adsorbates due to some sensitive configurations).
Selected calculations were performed with the semi-empirical van der Waals correction due to Grimme (DFT+D2). 33 Surfaces of BaZrO3 (0 0 1) were constructed as symmetric 11-layer BaO-and ZrO2-terminated slabs separated by 25 Å vacuum layer. Adsorbates were considered in cells of 2 × 2 to 4 × 4 expansion in the ab-plane (up to 432 atoms) in order to evaluate different levels of surface coverage. The adsorbates were arranged in several symmetrically inequivalent configurations in order to obtain the minimum energy configuration, and introduced on both sides of the slabs to avoid dipole formation. The adsorption thermodynamics were evaluated based on the adsorption energy, configurational entropy and vibrational properties of the adsorbates. The vibrational frequencies were obtained according to the finite displacement method implemented in VASP with four 0.015 Å displacements of the vibrating species along all Cartesian directions. The adsorption energy, Δ * +,-, was calculated as the total energy differences of the adsorption reactions. The vibrational entropy of the adsorbates, * /01 , were obtained from the normal frequencies of the adsorbates according to 
where G = ℎ G ⁄ is the vibrational energy for the adsorbate with vibrational frequency G . 34 The configurational entropy of the adsorbate for a given surface coverage, * , was calculated according to
The adsorption entropies, Δ * +,-, were obtained with the gaseous reference states taken from thermochemical tables. 35 For comparison, the standard entropy of CO2 obtained with the calculated vibrational frequencies and the translational/rotational contributions from statistical thermodynamics was within 0.14% of the tabulated value, 2.22×10 -3 eV K -1 . The equilibrium constant of the adsorption reactions was given by
where Δ * +,-includes the surface coverage dependent adsorption energy, Δ * +,-( * ) and the zero-point energy (ZPE) contribution. For the adsorption reaction CO & (g) + * = CO &,+, , where * denotes an empty adsorption site, the surface coverage without competitive adsorption is given by
The surfaces coverage was calculated numerically from Eqs. 1-4 by variation over an initial surface coverage (from 0 to 1) until the initial and calculated coverage converged within an accuracy of 10 -3 .
Segregation of barium from the perovskite surface was evaluated in the presence of carbonate adsorbates at initial stages of BaCO3 formation on the surface. These calculations were performed in 3 × 3 expanded 11-layer slabs, and the potential energy profile for the migration of barium was calculated using the nudged elastic band method.
The possibility of carbon dissolution into the bulk perovskite structure was evaluated according to the Gibbs formation energy, Δ ,8R R , of carbon interstitials
where ,8R pPp and 1qrp Pp are the total energies of the defective and bulk cell, * is the number and type of atomic species exchanged with the system upon defect formation, and 8 is the fermi level and is the effective charge of the defect. The environmental conditions are defined by the atomic chemical potentials, * . The chemical potentials of the gases were obtained from
where * ∘ was taken as the total energies of the respective molecules and the equilibrium partial pressures, * , were calculated from thermochemical equilibria. 36 The chemical potentials of the BaZrO3 constituent cations were defined according to Ba-rich conditions with BaCO3 and CO2 as the thermodynamic limits, i.e.,
The binding energies between carbon interstitials and cation vacancies were calculated as the enthalpy of the defect association reaction, e.g.,
The stability of the associated defects is representative of carbon substituting for Ba or Zr where C is displaced from the central Ba 2+ or Zr 4+ position due to its comparatively small size.
Results and Discussion

Adsorption Energies
The relaxed adsorbates on BaO-and ZrO2-terminated BaZrO3 (0 0 1) surfaces are shown in Figure 1 with corresponding adsorption energies in listed in Table 1 . Most notably, the CO2 molecule may chemisorb on both terminations by forming a surface carbonate species, denoted CO2,ad (Figure 1a,d ). The carbonate adsorbates are by far the most stable with adsorption energies of -2.20 and -1.93 eV for the BaO-and ZrO2 termination, respectively. These carbonate adsorption energies are more exothermic than values reported for other perovskites and CeO2, -0.31 eV to -2.0 eV, as described in the introduction. Although carbonate adsorbates on perovskite surfaces are often denoted monodentate due to the single surface oxide ion bond, the additional bonds between oxygen and the surface cations imply tridentate to be an appropriate description on BaZrO3 (0 0 1) (Figure 1a,d ). The adsorption energy of physisorbed CO2 on the BaO-terminated surface (Figure 1b ) was -0.27 eV, which is similar to that reported for CeO2 (1 1 0), -0.26 eV 24 . The O-Ba bond lengths were 5.24 Å. Carbon monoxide adsorbates were found to be most stable with carbon directed towards the surface cations (Figure 1c ,e), which exhibited rather low adsorption energies of -0.10 and -0.34 eV for the BaO-and ZrO2-termination, respectively. The bond lengths to the surface were 2.60 Å for C-Zr and 3.27 Å for C-Ba (2.60 Å and 3.31 Å with DFT+D2). It was determined that CO cannot chemisorb to a surface oxide ion, which means that CO2 does not adsorb directly into a surface oxygen vacancy.
Electronic Structure and Geometry
The electronic structure of adsorbed carbonate species on the BaO-terminated surface is compared to that of bulk BaCO3 in Figure 2 . The occupied C 2s and 2p states are quite similar between the adsorbate and bulk carbonate phase, with a slightly less distinct C 2p triplet peak for the latter. 
Vibrational Entropy
The main vibrational frequencies of the carbonate group are listed in Table 2 for bulk BaCO3, chemisorbed CO2 as well as an interstitial carbon defect complex described in section 3.4. The calculated vibrational frequencies for BaCO3 were 0.5-2 % lower than experimental values. 38 The frequencies of the carbonate modes are quite similar for all cases, which indicates a similar chemical nature of the carbonate specie in the quite different environments. 
Surface Coverage
The adsorption energy of carbonate species was evaluated up to full coverage for different adsorption geometries and configurations on the BaO-terminated surface. In comparison to the isolated carbonate adsorbate in Figure 1a which exhibited an adsorption energy of -2.20 eV ( f" g = 0.06), the adsorption energy was -0.84 eV (per CO2) for full coverage of the same adsorption geometry (Figure 3a) . The most stable configuration at full coverage was obtained for a cell with 3 × 3 periodicity (Figure 3b ) which exhibited an adsorption energy of -1.05 eV with slightly different adsorbate geometries as highlighted by the arrows in Figure 3b . The adsorption energy was -1.64 eV at half coverage ( Figure 3a ) and -1.93 eV at quarter coverage, and the adsorption energies thereby exhibit a strong linear relationship with coverage (R 2 =0.999) according to Δ f" g +,-= ;−2.25 + 1.21 f" g < + ΔZPE, 0 < f" g ≤ 1. Figure 4 shows the calculated surface coverage of carbonate adsorbate on the BaOterminated surface as function of temperature at selected CO2 partial pressures from 1 bar to 400 ppm. The calculated coverage remains quite significant throughout the temperature range even for 400 ppm CO2. The figure also shows the corresponding adsorption enthalpy as the CO2 coverage varies with temperature. Competitive adsorption of physisorbed CO2 or CO was considered negligible due to the significantly lower adsorption energies (Table 1 ). Interactions between the carbonate adsorbates and other surface species was investigated for the most significant surface point defects on BaZrO3 (0 0 1), protons and oxygen vacancies. 39 A quite substantial CO2 coverage of 0.5 was employed together with surface defect concentrations of 0.25 of the surface oxide ions. The adsorption energy of CO2 for this coverage (-1.64 eV) was essentially unchanged with a proton associated with a neighboring surface oxide ion site (-1.65 eV). However, the carbonate and hydroxide species were stabilized by 0.31 eV when residing on adjacent sites as shown in Figure 5a resulting in an average adsorption energy of -1.81 eV per CO2 for that configuration. The proton relaxed toward one of the carbonate oxide ions, but transfer of the proton to this oxide ion resulted in partial desorption of the carbonate species and destabilization of the adsorbates by 1.22 eV. In the presence of a surface oxygen vacancy ( Figure 5b ) the CO2 adsorption became more exothermic, -2.02 per CO2 compared to -1.64 eV for the pristine surface. Another important aspect of the role of surface oxygen vacancies relates to site occupancy, i.e., chemisorbed CO2 and oxygen vacancies compete for the same surface oxide ion sites. The relative stability of carbonate adsorbates and surface oxygen vacancies therefore has to be considered. In this respect, the calculated surface segregation energy for oxygen vacancies, -0.42 eV for the BaO-terminated (0 0 1) surface, 40 is significantly less exothermic than the adsorption energies even at full coverage. It is therefore reasonable to assert that the presence of surface oxygen vacancies would have a limited effect on the calculated CO2 coverages, particularly for f" g < 1, e.g., > 500 K at 1 bar CO2. 
Barium Segregation
The initial stage of BaCO3 formation was investigated for the BaO-terminated surface with the full carbonate overlayer, i.e., f" g = 1 (Figure 3b ), which is predicted to be stable up to about 600 K in 1 bar CO2 and 400 K in 400 ppm CO2 (Figure 4 ). BaCO3 formation was considered to be initiated by outward relaxation/migration of barium to the outer surface of the carbonate overlayer, thereby leaving a barium vacancy in the terminating BaO-layer. Formation of the barium adatom-vacancy pair resulted in a large stabilization of the system by -1.3 eV ( Figure  6a) . Furthermore, the calculated minimum energy path for barium migration reveals an essentially unobstructed migration process (within 5 meV for the first 0.4 Å, Figure 6b ). 
Bulk Carbon Dissolution
The possibility of carbon dissolution into the bulk perovskite structure was evaluated and a relatively stable configuration was identified in which interstitial carbon bonds to three lattice oxide ions to form carbonate species with C-O bond lengths of 1.30 Å. The carbon interstitial, C 0 •• , exhibited strong steric interaction with the neighboring cations, and was therefore found to be significantly stabilized when associated with cation vacancies as shown in Figure 7 . The binding energies between the defects were -1.43 eV and -1.63 eV for association between V {+ ‚‚ and the first and second C 0 •• , respectively, and -6.09 eV and -5.37 eV for association between V~• •‚ and the first and second C 0 •• , respectively (Eqs. 10-11). It should be noted that the very large binding energies in the latter case may be ascribed to the rather low stability of the isolated zirconium vacancy, while the carbon interstitials form bonds to all of the oxide ions previously bound in the Zr-octahedra (Figure 7b ). carbon and oxygen through Eq. 9. Thus, the concentrations of the considered carbon defects would be negligible under equilibrium conditions according to these results. Nevertheless, the considered carbon defects could be incorporated into perovskite oxides by physical methods such as carbon ion implantation. , and Gibbs formation energies of carbon related defects and other relevant defects (c). The carbon interstitial was found to be stable only in the 4+ charge state as additional electrons added to the system ended up in the conduction band.
4. Discussion CO2 exhibits significantly exothermic adsorption enthalpies of up to -2.25 eV at low coverage by formation of surface carbonate species on BaO-terminated BaZrO3 (0 0 1). The adsorption enthalpy further follows a linear behavior with coverage, resulting in a quite exothermic adsorption enthalpy of -1.05 eV for full coverage of a carbonate overlayer. Based on the electronic structure and the local structural environment of the carbonate adsorbate on the BaO-terminated surface (Figure 2) , it was determined that the carbonate overlayer was chemically similar to bulk BaCO3. In this respect, it is interesting to note that the adsorption enthalpy (at low coverage) approaches the enthalpy of formation of BaCO3 from BaO and CO2, -2.77 eV. Due to the strong CO2 adsorption energy, the calculated absorption equilibrium resulted in a significant coverage of more than 0.8 at 1000 K (Figure 4) , which are relevant operating conditions for steam reforming membrane reactors. Furthermore, according to the present results, the equilibrium state of BaO-terminated BaZrO3 surfaces under ambient atmospheres (400 ppm CO2), up to about 400 K, is the fully saturated surface with a carbonate overlayer that may be considered analogous to BaCO3. The considerable exothermic adsorption energy for the BaO-terminated surface serves as an additional thermodynamic driving force for stabilizing the A-site BaO termination. These results may further apply to similar perovskites and probably be most applicable to perovskites with basic A-site cations that form stable bulk carbonate phases, such as strontium.
In terms of the functional properties of BaZrO3-based electrolytes in CO2-containing atmospheres, the presence of a carbonate overlayer can be expected to be detrimental to surface reactions such as proton incorporation due to the significantly lower stability of protons associated with the carbonate oxide ions compared to the surface. The presence of carbonate species may therefore, in part, be responsible for an apparently slow surface reaction, rather than intrinsic electrode kinetics or space-charge effects. 39 However, the typical primary surface reaction sites on an electrode or triple phase boundary may be less prone to CO2 adsorption and thereby be less affected. Furthermore, the competitive adsorption of CO2 and H2O under relevant methane reforming conditions may significantly affect the CO2 coverages. The onset of BaCO3 formation, as investigated by migration of barium from the terminating BaO-plane to the outer carbonate overlayer, was found to result in a significant stabilization of the system (within 5 meV) which indicates that the BaO-terminated surface with the full carbonate overlayer may be a metastable state. Nevertheless, further Badiffusion is required for the formation of BaCO3 particles on the surface. Barium diffusion in BaZrO3 is associated with an activation energy of about 4 eV as Ba 2+ migrates through a square planar configuration of Zr 4+ based on experimental and computational studies. 41 The extent of BaCO3 formation on bulk BaZrO3 material in CO2-contining atmospheres is therefore limited by slow diffusion and not expected to be significant at lower temperatures.
Conclusion
BaO-terminated BaZrO3 (0 0 1) exhibits strong affinity for CO2 by chemisorption of carbonate species. The obtained thermodynamics of carbonate adsorption implies that the surface will be fully covered by a carbonate overlayer under ambient conditions containing 400 ppm CO2, and that significant coverage may be retained up to 2000 K under 1 bar CO2. Migration of barium from the BaZrO3 surface to the carbonate overlayer at the onset of BaCO3 formation was found to be energetically favorable and feasible at ambient temperature with a low activation barrier. However, the formation of BaCO3 precipitates at the surface would be limited by comparatively slow bulk diffusion of barium in BaZrO3. The potential for bulk solubility of interstitial carbon in the form of carbonate species was considered and found to be negligible in acceptor doped BaZrO3.
Acknowledgements
The authors acknowledge financial support from the Research Council of Norway through the FOXCET project (Nano2021, 228355), and the Norwegian CCS research center for environmentally friendly energy (FME NCCS, 257579). 
